The purpose of this paper is twofold: to establish the magnitude of detwinning stress levels of non-modulated martensite in Ni 53 Mn 25 Ga 22 as a function of heat treatments utilizing single crystals, and to study the shape memory strains from constant-load temperature cycling experiments for aged and unaged conditions. The maximum transformation strains of 5.2% are consistent with the theoretical predictions based on energy minimization theory. The results exhibit a remarkable narrowing of the thermal hysteresis (as low as 2 • C) with increasing applied stress and a considerable two-way shape memory effect. Using microscopy, it is shown that aging produces a finer martensitic plate structure with an accompanying increase in detwinning stress compared to the unaged case.
Introduction
Ferromagnetic shape memory alloys possess the unique ability to achieve large, reversible strains due to variant reorientation caused by the application of a magnetic field, and can also be utilized as shape memory alloys undergoing reversible phase transformations. Despite the recent surge of interest in the magnetic shape memory (MSM) properties of Ni 2 MnGa [1] [2] [3] , only limited information [4] [5] [6] [7] pertinent to the use of the alloy as a conventional shape memory metal has been presented. However, these publications were not written for the purpose of characterizing the conventional shape memory behavior exclusively. Consequently, they do not provided a complete analysis evaluating and interpreting stress-strain results, differential scanning calorimetry (DSC), two-way shape memory effect (TWSME) and microscopy results in one comprehensive study. In this paper, we focus on (i) the effects of heat treatment on the detwinning stress as a function of temperature, and (ii) the strain-temperature behavior resulting from the thermally induced austenite to martensite transformation under constant stress. Additionally, a discussion of the material's two-way shape memory behavior 4 Author to whom any correspondence should be addressed.
with different thermal treatment history is presented and discussed.
For the chemical composition chosen in this work, a nonmodulated (NM) structure exists, which has the potential of producing the largest detwinning strains. It has been reported that the twinning stress for Ni 2 MnGa martensite is higher than 10 MPa for NM martensite [3] . We explore the stress at the onset of detwinning and demonstrate that the stress level does not exhibit a plateau but a considerable increase with increasing deformation. The martensite plate width and twin lamellae size is found to change with aging in this class of alloys. This work discusses the effect of this microstructural change on the mechanical response.
For notable recoverable deformation to occur due to either applied magnetic fields or applied stresses [2] , significant variant reorientation and detwinning, i.e. the growth of one group of twins at the expense of others, must occur. A fundamental and critical property in shape memory alloys is the recoverability of transformation strain, albeit with transformation hysteresis [8] . The hysteresis observed in martensitic transformations results from energy dissipative (irreversible) processes. In order to understand the magnitude of the stress levels to induce recoverable martensitic transformation (MT) a series of experiments under constant stress while thermal cycling were undertaken. Such information has been missing in the literature and explores the potential use of these materials for shape memory applications requiring low thermal hysteresis. The results show that the transformation is reversible with a small hysteresis (as low as 2
• C) and the magnitude of stresses to induce saturation transformation strains due to the MT are as low as 25 MPa for the unaged case. The DSC results confirm the narrowing of the thermal hysteresis associated with the aging. In addition, we demonstrate a two-way shape memory effect for a heat treated and an unaged sample. While MSM applications require very low detwinning stresses, other shape memory alloy applications such as those currently utilizing NiTi may desire a strong material with a narrow thermal hysteresis. NiTi alloys exhibit a thermal hysteresis of approximately 30
• C [9] , compared to less than 2 • C in these Ni 2 MnGa alloys. Therefore, a study of the stress levels in the martensitic domain along with the thermal hysteresis behavior of higher strength Ni 2 MnGa alloys warrants further consideration.
In summary, we classify the mechanical response below the austenite to martensite transition temperature through the use of stress-strain experiments and thermal cycling experiments under stress. We study the thermally induced MT in the absence of an external load with DSC results.
The results shown in this work illustrate the potential utility of these materials for a broader range of applications. The narrow thermal hysteresis indicates that this material could be used for a quick-response thermal driven actuator. We show that the aged and unaged material achieve similar maximum transformation strains; however, the unaged material reaches the strain at a higher stress and thus allows for application optimization. Aging drives an increase in the detwinning stress, indicating that thermal treatments can be used to tailor the martensitic mechanical response to meet the needs of high strain shape recovery applications (up to 18% strain [3] ).
Material and experimental techniques
Single-crystal Ni 53 Mn 25 Ga 22 at.% ingots were grown using the Bridgman technique in an inert environment. Rectangular specimens were then cut from the ingot into 4 mm × 4 mm × 10 mm samples with the [001] direction longitudinally oriented and the (100) plane oriented parallel to a side face. Chemical analysis was performed on the material before and after crystal growth due to a concern for the loss of Mn content during the crystal growth process. The chemistry measured after crystal growth indicated a 0.5% loss of Mn, which did not alter the modulation of the martensite. The loss of Mn slightly altered the free electron to atom (e/a) ratio, resulting in a small shift of the transformation temperatures (approximately 10 K) [10] . Chemistry reported in this work represents results from the post-growth analysis after the specimens were oriented and cut. Using a low speed saw, single-crystal DSC samples, each with a mass of approximately 80 mg, were sectioned from the bulk rectangular specimens.
Stress-strain behavior was measured in compression along the [001] direction. Mechanical testing was performed on an Instron 8802 servohydraulic load frame. Load and strain measurements were transduced from an Instron Dynacell load cell and an MTS miniature extensiometer with 3 mm gauge length, respectively. Temperature was manually controlled using a liquid nitrogen heat exchanger and an induction heater. Prior to the constant load temperature cycling, the specimens were heated well above A f to ensure that the load was applied in a fully austenitic condition. Data were then recorded during cooling to the lowest temperature and subsequent heating back to the test start temperature.
DSC experiments were performed using a Perkin Elmer Instruments Pyris 1 DSC. Heating and cooling rates for the DSC testing were maintained at 40
• C min −1 . A heating and cooling rate of approximately 40
• C min −1 was also used for the constant stress-temperature cycling tests. The high DSC temperature ramp rate has the effect of increasing the measured enthalpy of transformation [11] . Higher measured transformation enthalpy leads to enhancement of peaks and therefore to results with more distinguished features useful for comparing the results of similar materials (or heat treatments).
Heat treatment of the material was conducted in a Lindberg/Blue air furnace and the resulting oxide layer was removed. Electropolishing required for microscopy was conducted using a solution of 33% nitric acid and methanol. Optical microscopy was performed on several specimens using an Olympus BX51M microscope.
Experimental results
Heat treatments were conducted on DSC specimens at several temperatures including 980, 950, 900, 850 and 800
• C. Annealing times were each selected to be 24 h, except for the 980
• C case, which was for 30 h and was followed by an 800
• C, 20 h treatment. Heat treatment temperatures were selected to be near the ordering temperature (approximately 800
• C) suggested by Overholser [12] . Heat treatment durations were selected to supply ample time for long range ordering to occur. The heat treatments selected are among some of the common thermal treatment procedures used in the study of Ni 2 MnGa alloys [3, [13] [14] [15] [16] [17] [18] [19] . The selection of the heat treatments allowed for a systematic evaluation of the transformation temperatures and detwinning stress levels. The role of different cooling rates was examined by comparing the DSC results for a water quench and a slow furnace cool.
The DSC results show that heat treatments over 900
• C reduced the magnitude of the transformation peaks to the point where no detectable peaks were identified for the 980
• C heat treatment. A summary of the results is displayed in table 1. The magnitude of the area under the peak reflects the enthalpy of transformation. The enthalpy of transformation decreased significantly for all the heat treatments compared with that of the unaged sample. The 900
• C heat treatments showed approximately 50% less transformation enthalpy than the 800
• C heat treatment and 66% less than the unaged case. The quenching method also affects the transformation enthalpy, but to a lesser degree. The furnace cooled specimens exhibited 21% more transformation enthalpy than the water quenched samples with the largest effect seen for the 850
• C case.
The thermal hysteresis was measured from peak to peak on the DSC curves in order to avoid ambiguity in the value selection. All heat treatments lowered the thermal hysteresis relative to the unaged condition. The reduction in thermal S109 Water quench N/A N/A hysteresis observed with DSC is also apparent in the straintemperature results as discussed later. The DSC results for four selected thermal treatments are shown in figure 1 . The heat treatments selected for stress-strain experiments demonstrate relatively low thermal hysteresis and different DSC peak contours, while still exhibiting a high enthalpy of transformation per unit volume.
To study the stress-strain response three conditions were examined: a specimen with no heat treatment after singlecrystal growth and specimens aged at 850 and 900
• C, both followed by a furnace cool. The specimen with no post-crystal growth heat treatment is referred to as unaged.
The 850
• C heat treatment showed very similar martensitic stress-strain curves (figure 2) compared to 900
• C; consequently no lower temperature treatments were examined. Only one 900
• C stress-strain curve is presented for reference. At some lower temperature range a transition would be expected for the aged response to approach that of the unaged case. No additional tests were conducted on samples aged at temperatures above 900
• C because the DSC results indicated a substantial reduction in the enthalpy of transformation per unit volume.
The stress-strain response was established at temperatures of 23, 50 and 75
• C, each below the martensite finish temperature, M f . Residual martensitic strain recovery was performed for each case by heating the specimen over 130
• C, beyond A f , at zero load with full recovery. The martensitic detwinning stress is a strong function of the testing temperature, reaching a minimum at approximately 75
• C for all the tested samples. The aged specimens show a higher degree of hardening than the unaged specimen, especially near the M s temperature. The detwinning stress, measured using an intersecting slopes method, increased due to the heat treatment of the material. The detwinning stress for 75
• C is 7 MPa for the unaged specimen, 11 MPa for the 850
• C and 12 MPa for the 900
• C aged case. The detwinning stresses at 23
• C for unaged and 850
• C aged were 13 and 24 MPa, respectively. We note the high sensitivity of the martensitic twinning on the testing temperature. Figure 3 depicts strain-temperature curves for the unaged and aged conditions. In this set of experiments the applied stress is maintained constant and the temperature is cycled. The material transforms from an austenitic to martensitic structure in a reversible fashion. The thermal hysteresis at small loads is lower for the aged sample. The transformation strains at 3 MPa are similar for both virgin specimens. The unaged sample showed progressively lower thermal hysteresis as the load was increased, showing only 4
• C at 25 MPa. Further loading of this sample brought an even lower thermal hysteresis, less than 2
• C with a 35 MPa applied compression stress, while still achieving 5% transformation strain. This is among the lowest values of temperature hysteresis reported [8, 9] for any shape memory metal. The aged sample shows relatively small amounts of thermal hysteresis at low stress, but the hysteresis increases as the stress increases. At 25 MPa the hysteresis reaches 12.5
• C, and then begins to decrease down to 7.5
• C at 60 MPa. Both materials saturated at the same strain of approximately 5.2%, but the aged specimen required more than double the stress of the unaged to reach this peak transformation strain. The twoway shape memory response of the samples after the thermal cycling at high stress is presented as dashed lines in figure 3 . It is important to note that a 3 MPa compressive stress was • C for 24 h followed by a furnace cool. Compare the thermal hysteresis for the two samples.
applied during this testing to hold the sample in place in the load frame. Since this relatively small compressive stress was applied consistently to each specimen, it does not alter the comparisons made from the results. The TWSME strain was 2.2% for the 900
• C treated sample and 3.8% for the unaged specimen as reported in table 2. The TWSME thermal hysteresis is 18.9
• C for the unaged sample and 2.9
• C for the aged specimen. The saturation transformation strain measured in this alloy was also compared to theoretical results calculated using lattice parameters, as discussed in the following.
The Ni 2 MnGa alloy considered in this work undergoes a MT from a face-centered cubic (fcc) L2 1 austenite phase to a face-centered tetragonal (fct) L1 0 martensitic phase that is non-modulated. For the fcc to fct MT there are three independent lattice correspondences [20, 21] yielding three martensite variants. The deformation matrices to obtain these variants, defined in the austenite coordinate system, are designated U 1 , U 2 and U 3 and the components are functions of the L2 1 and L10 lattice parameters as defined in [20] . Two martensite variants in twin relation to one another constitute a correspondence variant pair (CVP). We calculate the theoretical transformation strain for a CVP using a framework based on the energy minimization theory (EMT) [22] . The EMT has been utilized in previous studies to predict the orientation dependence of CVP strains for Fe-NiCo-Ti [21, 23] and Co-Ni-Al [24, 25] , which undergo cubic to tetragonal MTs. Sehitoglu et al [23, 25] provide a review of the EMT, and the results from the current analysis are summarized next.
In the present work, the CVP habit (invariant) plane orientations and transformation directions, and the twin parameters within the CVP are established for Ni 2 MnGa with the lattice parameters a 0 = 5.82Å [4] , c = 6.58Å and a = 5.46Å [3] 
We present the theoretical strain calculated using equation (1) for the [001] orientation in compression obtained using EMT for NM martensite in table 2. Subsequent to the thermal cycling, stress-strain tests were again performed on the samples. Both the aged and unaged samples displayed a slightly lower detwinning stress. However, both specimens also displayed a significantly higher hardening rate after high stress thermal cycling. These results are not included for the sake of brevity. Figure 4 shows optical microscopy pictures taken from the 900
• C aged and the unaged specimens. Both figures correspond to the same magnification, as noted by the micron bar, detailing the differences in martensite morphology. The constant stress load cycling testing was performed on the depicted specimens prior to obtaining the images. The martensite images are indicative of the typical microstructure found on the specimens. Note that the martensite for the 900
• C heat treatment is finer, showing interacting variants. The average martensite plate thickness, labeled as d m , is 4.3 µm for the unaged and 2.3 µm for the 900
• C aged samples. These values were an average of the measurement of several twin plates.
In addition to the conventional optical microscopy, we have also studied transmission electron microscopy (TEM) results for an unaged ( figure 5(a) ) and for an aged ( figure 5(b) ) sample. The NM martensite structure was verified for both the unaged and aged crystals by examining the selected area diffraction (SAD) pattern presented in the upper right corners of the images. The TEM pictures look closely at the microstructural twinning that occurs with the plates observed in figures 4(a) and (b). In contrast to that of the aged sample, S111 the unaged sample shows a coarser twin lamellae structure throughout. We have noted the twin lamellae thickness in each image by d lam . In addition, the unaged sample shows an increased density of defects, the details of which are difficult to resolve. The area encapsulated by region A depicts a rather large defect detected by the TEM. The TEM image of the aged sample details extremely fine lamellae, highlighted in area B, that form near a CVP boundary.
Discussion of results
DSC results provide a quantitative comparison between the unaged and aged transformation behavior and reveal the effect of cooling rates following heat treatment. In contrast to the definitive transformation peaks resulting from the 900
• C heat treatment, the peaks for the unaged alloy are markedly more diffuse. Previous studies that consider the effects of aging for non-stoichiometric Ni 2 MnGa alloys report similar trends [13] [14] [15] . In the unaged condition, for this class of alloys, compositional gradients associated with macro-and microsegregation result from single-crystal growth [15, 26] . As a result, local atomic order is disrupted yielding local changes in the e/a ratio for the unaged alloy. Jin et al [10] and Wu and Yang [16] show that M s decreases with decreasing e/a ratio. Bennett et al [26] note that small compositional variations of the order of 1-2% can alter the e/a ratio enough to produce drastic variations in M s of 100-200 K. The broad diffuse peaks for the unaged case result from spatially heterogeneous transformations that occur at different M s temperatures that span large intervals (M s − M f ≈ 60
• C). It follows that during the reverse transformation, the peaks are diffuse and the transformation intervals are large due to the inhomogeneous elastic energy storage during the forward transformation [17] .
The peaks for the 900 • C, 24 h heat treatments are markedly more distinct and occur over a considerably smaller temperature interval (M s − M f ≈ 25
• C) than the unaged case indicating that the aging treatment yields a homogenized composition and leads to a higher degree of atomic order. The smaller hysteresis and lower M s temperatures for the aged cases support our assertion that aging increased the atomic order of the Ni 53 Mn 25 Ga 22 alloy. Ling and Owen [27] and Gao et al [13] assert that increased atomic ordering reduces the chemical driving force available at M s , thus lowering M s . More ordered alloys exhibit a higher flow stress and generation of dislocations is suppressed, which decreases the hysteresis [13, 27] . This is substantiated by the stress versus strain results for the aged alloys (figure 2), which exhibit a higher reorientation stress than the unaged alloys. Note that the peaks corresponding to the 850
• C heat treatment are diffuse as well, revealing that the temperature is not sufficient to homogenize the composition or induce significant atomic rearrangement. However, comparing the transformation temperature interval and peak heights, the unaged transformation remains significantly more diffuse than for the 850
• C heat treatment. The presence of intermediate martensitic transformations can also cause the double peaks as seen in the 850
• C case and to a lesser degree in the unaged case, although this was not studied in this work.
We now consider the effect of cooling rate. The 900 • C heat treatment displays a much more distinct peak for furnace cooling compared with water quenching. A high concentration of vacancies resulting from rapid quenching and enhanced by the stoichiometric chemistry deviation yields high residual stresses. As a result of irreversibilities attributed to the quenched in defects, a larger hysteresis results for the water quenched specimens. The water quenched samples likely show a broader peak because of concomitant heterogeneity of the microstructure ordering and local composition as previously explained. The furnace cooled samples show a more definitive DSC peak because slower cooling drastically decreases the dislocation density, which increases the homogeneity of the microstructure [13, 18] . Note that the transformation temperatures are similar for both cooling rates. It is expected that quenched-in defects would serve as nucleation sites for martensite, thus increasing the transformation temperatures compared to the furnace cooled samples [13] . Since this is not the case, it appears that the 900
• C heat treatment temperature stabilizes the austenite, which minimizes the influence of the quenched in defects on the transformation temperatures. Indeed, Hosoda et al [19] report that hardness increases with increasing heat treatment temperature for near-stoichiometric Ni 2 MnGa. For the higher temperature heat treatments (950 and 980
• C), DSC peaks were very small and diffuse, substantiating stabilization of the austenitic phase in the testing temperature regime.
Isothermal uniaxial compression stress-strain curves illustrate the influence of the different martensite plate dimensions that form for the unaged versus aged cases. A fine twinned microstructure developed with a greatly reduced martensite plate thickness as a result of heat treatments. The increased twin density in the 900
• C aged case ( figure 4(b) ) gives rise to a higher degree of twin interaction. The 850
• C treatment showed a microstructure very similar to the 900
• C case. A finer martensite twin plate thickness implies a strengthening in the martensite phase which is consistent with the increase in detwinning stress for the aged versus unaged results, at the same temperatures, in figure 2. Using copperbased alloys, Khan et al [28] suggested that a Hall-Petch type of relationship exists for martensite plate thickness with inverse square root dependence. The finer martensite microstructure formed during heat treatment resists reorientation during deformation, as suggested by the increased hardening rate in the stress-strain response.
Figures 5(a) and (b) show obvious differences between the aged and unaged microstructure within a twin variant which indicate that the observations in figure 4 exist at a much finer scale. Similar to the refinement of the martensite plate size, there is a substantial reduction in the size of twin lamellae due to aging. The high number of defects present in the TEM image of the unaged sample may alter the chemical energy significantly enough to alter the stacking of the martensite planes, thus altering the thickness of the twin lamellae. The refinement of the microstructure substantiates previous claims made regarding the effects of heat treatment on ordering and internal stress relief. The decreased number of defects and the corresponding narrowing of twin lamellae in the aged case provide additional rationale for the strengthening of the material after aging. The extremely fine lamellae seen near the CVP boundary of the aged specimen is similar to that seen in [29] . The diffraction pattern in figure 5(a) is typical for two twin related variants of NM martensite as discussed in [30] . Comparatively, the pattern in figure 5(b) is typical for an observation of a single variant of NM martensite.
To further establish the mechanical response as a function of aging for the Ni 53 Mn 25 Ga 22 alloy, we consider the straintemperature results ( figure 3 ). In the case of very low external stress such as under 3 MPa, the internal stress fields are expected to dominate and influence the transformation strains and the thermal hysteresis. It is likely that single-crystal growth induces residual internal stress fields, which alter martensite variant morphology, that are relieved by the aging treatment. This claim is substantiated by TEM imaging that indicates wider twins and more defects in the unaged material, both of which are often associated with higher internal stress fields. Therefore, the unaged sample shows significantly larger thermal hysteresis (near 12
• C) at 3 MPa compared to the aged sample (<2
• C). Larger thermal hysteresis is often associated with increased interaction of internal stress and external stress induced martensite and dissipation at the austenite-martensite interfaces. The result raises the possibility that the dislocations inherent to the transformation are considerably less influential for the aged case and, in light of the strengthening of the matrix, due to the twin size refinement after aging elastic accommodation is enhanced. When the applied stress on the unaged sample is increased during temperature cycling, the hysteresis increases under the 7 MPa stress and thereafter experiences a significant reduction. The aged samples display a gradual increase up to 25 MPa that is also followed by a decrease in hysteresis. We consider the stress at which the hysteresis obtains a maximum value as the external stress required to overcome internal stresses and create a stable dislocation arrangement. After this stress is reached, residual stress fields due to residual martensite and/or transformation dislocations could become more biased toward the external stress and assist the transformation for subsequent cycles. Consequently, the hysteresis decreases and transformation temperatures increase.
The resultant transformation strains in both cases are similar (less than 6%) and very close in magnitude. For each stress level up to saturation the unaged specimen shows a higher transformation strain. We note that the aged sample required a higher external stress to reach the saturation transformation strain of 5%. This can be attributed to the previously discussed strengthening mechanisms for the aged case. The discrepancy between the theoretical transformation strains and the experimental strains listed in table 2 arise because the EMT considers interfaces that are coherent with the matrix. When transformation strains are relaxed as the transforming interface interacts with second phase particles, defects or other martensite variants, the experimentally observed transformation strains do not achieve the theoretical values. Indeed, TEM reveals the presence of defects in the unaged material and dislocation activity at the interface between two martensite variants in the aged condition.
When the two-way shape memory effect (TWSME) strain was evaluated, differences in the aged versus unaged are again notable. Both samples indicated significant amounts of TWSME strain after thermal cycling ( figure 3) . Especially in the unaged case, the magnitude of the TWSME strain is nearly 60% of the theoretical strain. It is well known, that internal stresses attributed to residual martensite and oriented dislocation arrays that remain after transformation cycling give rise to the two-way shape memory effect [8] . We observe higher strains in the unaged case because more of the matrix undergoes the transformation. The unaged response displays lower detwinning stresses and less hardening (figure 2), which indicates a lower resistance to twin boundary motion and promotes higher TWSME strains for the unaged condition, respectively. The high volume fraction of fine twins initially present in the aged material reorients, thus reducing the amount of material that undergoes the phase transformation from austenite to martensite. In addition, smaller TWSME strains result for the aged case because of interaction between the high volume fraction of reorienting martensite with the transforming austenite. As a result, the transformation proceeds in a more reversible manner and the hysteresis is smaller. The unaged sample possesses higher hysteresis for the TWSME response, consistent with higher dissipation for the softer matrix case due to dislocation emission at transforming interfaces and stacking faults as shown in the TEM images. Similar to DSC results, the decrease in TWSME thermal hysteresis and TEM indicated defect reductions for the aged specimens suggest that the atomic order is indeed enhanced by aging and that the effect remains after cyclic deformation.
Conclusions
This work supports the following conclusions:
(1) The critical stress to initiate martensite motion is in the range of 5 MPa at 75
• C for the unaged material. The magnitude of the detwinning stress increases with aging at 850 and 900
• C to levels exceeding 10 MPa. (2) Aging at 850 and 900
• C produces a finer martensite plate and twin lamellae size consistent with the increased detwinning stress. Apparent microstructural defects are also reduced by aging. (3) The stress required to induce a phase transformation from austenite to martensite with maximum transformation strains of 5.2% has been established to be 25 and 60 MPa for the unaged and aged cases, respectively. (4) Remarkably, the thermal hysteresis is as low as 2
• C for the unaged case illustrating the potential utility of these materials as shape memory materials without magnetic fields.
